One sentence summary: The fluE gene, encoding a novel esterase that catalyzes the cleavage of carboxyl ester bonds of fluoroglycofen, was cloned from the Lysinibacillus sp. KS-1 strain.
INTRODUCTION
Diphenyl ether herbicides are some of the most commonly utilized herbicides in the world, with more than 20 variations used in China, including fluoroglycofen, fomesafen and oxyfluorfen (Zhong 2005) . Diphenyl ether herbicides inhibit protoporphyrinogen oxidase, decrease chlorophyll content, weaken photosynthesis and destroy cell membranes (Scalla and Matringe 1994) . Some studies indicate that these herbicides are toxic to mammals, fish, aquatic invertebrates and other non-target organisms (Geng et al. 2012) . Diphenyl ether herbicides and their metabolites have been detected in groundwater, soil, rivers and drinking water (Sheu et al. 2006) . With increasing usage of fluoroglycofen, the residues of this herbicide in the soil frequently exhibit phytotoxicity to sensitive crops (Chen, Cai and Wang 2011) . Furthermore, when present in the water column, these residues were also found to be toxic to aquatic organisms, such as Brachydanio rerio (Zou et al. 2006) .
Several papers on microbial degradation of fluoroglycofen have been reported. Chen, Cai and Wang (2011) isolated a Mycobacterium phocaicum MBWY-1 strain that was able to degrade fluoroglycofen at 100 mg L −1 within 72 h, and five metabolites produced during the degradation were analyzed by mass spectrometry. Qiu et al. (2009) dressing the biodegradation of fluoroglycofen; however, the associated degradation genes and enzymes are still unknown. The objective of this paper was to isolate fluoroglycofen-degrading bacteria and to clone the associated functional genes involved in the biodegradation of this herbicide.
MATERIALS AND METHODS

Sample collection and media preparation
Sludge samples were collected from Duowei herbicide factory (N 31
• 04 E 118
• 10 ) located in Wuhu, Anhui, China. Fluoroglycofen (99.5% purity) was purchased from the Shanghai Pesticide Research Institute (China). The mineral salt medium (MSM; pH
tryptone and 10 g L −1 NaCl. Fluoroglycofen was dissolved in methanol at the final concentration of 10 g L −1 as a stock solution.
Enrichment and isolation
Approximately 10.0 g of the sludge sample was added to a 250 mL Erlenmeyer flask containing 100 mL MSM amended with 50 mg L −1 fluoroglycofen, and incubated on a rotary shaker (150 rpm) at 30
• C for about 7 days. Enrichments were subcultured every 7 days by aliquoting ∼5 mL of culture into fresh MSM (95 mL) containing 50 mg L −1 fluoroglycofen. Fluoroglycofen removal in the third and subsequent subcultures was measured by high-performance liquid chromatography (HPLC). Enrichments with fluoroglycofen-degrading characteristics were serially diluted in MSM; different dilutions were then transferred into fresh fluoroglycofen (50 mg L −1 )-amended MSM. Fluoroglycofen loss was measured. The highest dilution that retained its degradation capability was spread onto MSM agar plates containing 100 mg L −1 fluoroglycofen. After incubation at 30 • C for 2 days, the colonies, which produced a transparent halo indicative of hydrolysis, were selected to test their degradation capabilities. One bacterium designated KS-1 demonstrated higher degradation efficiency than the other strains; thus, it was selected for investigation. The KS-1 strain was first identified according to Bergey's Manual of Determinative Bacteriology (Holt et al. 1994) . Additional verification was performed by sequencing and analysis of the 16S rDNA gene.
Degradation of fluoroglycofen by KS-1
The KS-1 strain, grown in LB for 12 h, was centrifuged, and then the cell pellets were resuspended in sterile water. After the OD 600 was adjusted to 1.0, the suspension (5%, v/v) was inoculated into 20 mL of MSM amended with fluoroglycofen (50 mg L −1 Cloning, expression and purification of the esterase gene fluE DNA manipulation was performed according to Sambrook and Russell (2001) . To construct the genomic library, total DNA from the KS-1 strain was subjected to partial digestion using the Sau3AI restriction enzyme. Fractions containing DNA fragments of ∼2 to 4 kb were pooled, ligated into the pUC118 plasmid and then transformed into competent Escherichia coli DH5α cells. The library was plated onto LB agar containing ampicillin (100 mg L −1 ) and fluoroglycofen (100 mg L −1 ), and then cultivated at 37
• C for ∼1 day. Positive transformants (i.e. those harboring the plasmid that contains the functional gene) were identified by colonies that produced transparent halos; they were further screened by HPLC to verify their fluoroglycofen-degrading ability. Positive recombinant plasmids were isolated and sequenced. Open reading frames (ORFs) were identified by searching for homologous sequences using the ORF finder online tool in the GenBank protein database. This search identified the fluoroglycofen degradation ORF as an esterase gene and named it as fluE. Multiple sequence alignments were performed using CLUSTAL W and exported using ESPript 3.0. The phylogenetic relationships among different esterase proteins from each protein family were determined with MEGA 6.0 using the neighbor-joining method (Tamura et al. 2013) . Bootstrapping was implemented with 1000 replicates. According to the fiuE sequence, primers were designed. The forward primer (5 -CGGAATTCATGGGATTAACGAATAAC-3 ) contains the EcoRI restriction site and the reverse primer (5 -CGCTCGAGTTTGTTTAAAGTC-3 ) contains the XhoI restriction site. The fluE gene was amplified by PCR using the DNA from the KS-1 strain as the template. Electrophoresis was performed on the PCR product, which was subsequently recovered using the Omega gel extraction kit. The recovered fragments and the vector plasmid pET29a were then cut with EcoRI and XhoI. The digested carrier gene was then ligated with the linearized pET29a using T4 ligase, thereby constructing the pET-FluE expression vector, which was transformed into competent E. coli BL21 (DE3) cells. Expression and purification of FluE was performed according to Zhang et al. (2012) . The protein concentration was determined according to the Bradford assay, with bovine serum albumin as the standard protein (Bradford 1976 ).
Esterase activity assay
To quantify transformation of fluoroglycofen by FluE, activity assays were performed in 50 mM phosphate buffer solution (PBS, pH 7.0). Each reaction vial contained 50 μL of FluE in 3 mL PBS amended with 50 mg L −1 fluoroglycofen. The reaction medium was incubated at 37
• C for 15 min, and was stopped by the addition of acetonitrile. The remaining concentration of fluoroglycofen in the reaction vials was analyzed by HPLC. Control samples containing boiled enzyme were performed and determined at the same time. Protein concentrations were measured using the Bradford protein assay. All experiments were carried out in triplicate. One unit of enzyme activity was defined as the total amount of enzyme needed to hydrolyze 1 μmol of substrate per minute. Concurrently, the ability of FluE to degrade p-nitrophenol esters with different carbon chain lengths was studied (Gao et al. 2003) . The hydrolyzed p-nitrophenol ester product has an absorption peak at 405 nm. The esterase activities during degradation of these substances were calculated, and the MichaelisMenten equation was utilized to obtain the kinetic values.
Chemical analysis
The entire volume of 20 mL liquid cultures or 3 mL sodium phosphate buffer was extracted using 3 volumes of dichloromethane (DCM). After shaking for 5 min, the DCM phase was dried over by anhydrous Na 2 SO 4 and removed with nitrogen. The residues were dissolved in methanol and filtered with 0.22 μm organic phase filter. Fluoroglycofen concentrations were analyzed by HPLC equipped with the Agilent TC-C18 column (250 mm × 4.6 mm). The injection volume was 20 μL, the mobile phase was methanol:water (70:30, v:v) and the flow rate was 1.0 mL min −1 . Eluates were monitored by measuring the A 230 with a Waters 2487 wavelength absorbance detector. Each analysis was repeated three times. The metabolites produced during fluoroglycofen degradation by KS-1 were identified by HPLC and MS/MS (Finnigan TSQ Quantum Ultra AM, Thermal, USA).
Nucleotide sequence accession numbers
The nucleotide sequences of the Lysinibacillus sp. KS-1 16S rDNA and fluE gene were deposited in GenBank database and assigned the accession numbers KY794936 and KY794937.
Data statistics
R Version 3.1.1 (USA) was used for the statistical data analysis. The one-way ANOVA test was used, and the P-value of 0.05 was deemed significant.
RESULTS
Strain isolation and identification
Bacterial colonies that produce a transparent halo when grown on fluoroglycofen-amended MSM plates suggest that hydrolysis of fluoroglycofen has occurred. The colonies were collected, purified and tested by HPLC analysis for the ability to degrade fluoroglycofen. Of the isolated bacterial strains, KS-1 was selected for study according to its high potential to degrade fluoroglycofen. KS-1 strain could degrade 85.25% of the initial 50 mg L To determine the phylogeny of KS-1, strains from different species were selected to construct a phylogenetic tree based on 16S rDNA sequences (Fig. S1, Supporting Information) . According to its phenotypic features, biochemical characteristics and the 16S rDNA phylogenetic analysis, the KS-1 was identified as belonging to the Lysinibacillus genus.
Biodegradation of fluoroglycofen by the KS-1 strain
The time course curve of fluoroglycofen degradation by KS-1 shows that after 3 days of incubation, ∼85.25% of 50 mg L −1 fluoroglycofen in the MSM medium was degraded (Fig. 1a) . The optimum temperature and pH for fluoroglycofen degradation by KS-1 were 30
• C (Fig. 1b) and 7.0 (Fig. 1c) , respectively. Different metal ions also influence KS-1-mediated fluoroglycofen degradation. For example, 0.1 mmol L −1 of Zn 2+ and Cu 2+ decreased the degradation rate significantly (P < 0.05) (Fig. 1d) .
Identification of metabolites and elucidation of the fluoroglycofen metabolic pathway
Metabolites produced by fluoroglycofen degradation were extracted and identified by HPLC and MS/MS. Two metabolites (product A and product B) were detected during fluoroglycofen biodegradation in MSM medium after 2 days. After 5 days of incubation, these products disappeared, but product C appeared ( + . Product C was identified as decarboxylateacifluorfen, which was produced by drawing off a carboxyl from product B. Based on the metabolites, the transformation pathway is proposed as follows: the two ester bonds of fluoroglycofen are sequentially cleaved to form deethyl-fluoroglycofen and acifluorfen. Removal of the carboxyl group from acifluorfen forms decarboxylate-acifluorfen (Fig. S2 , Supporting Information). Thus, based on this pathway, esterase was found to be involved in fluoroglycofen degradation.
Cloning and sequence analysis of the fluoroglycofen-hydrolyzing esterase gene fluE
To clone the esterase gene responsible for hydrolysis of the fluoroglycofen ester bond, DNA library of the KS-1 strain was constructed. A positive clone which produced a transparent halo around the colony was found from ∼1000 transformants. The inserted fragment of the transformant was determined to be 1795 bp. One 930 bp ORF, which showed high similarity to esterase, was subcloned into the pMD-19T vector and transformed into competent Escherichia coli DH5α cells. Transformants harboring the ORF produced a transparent halo indicative of hydrolysis. Furthermore, HPLC analysis verified that they could degrade fluoroglycofen, and this ORF (designated as fluE) was identified as the target gene encoding the fluoroglycofen-hydrolyzing esterase.
The G+C mol% of fluE is 38.28% and the ribosomal binding site (GGGAGAAAGGA) is located at 9 bp upstream of the start codon. This gene contains one 930-bp ORF encoding 310 amino acids. Analysis by SignalP (http://www.cbs.dtu.dk/services/ SignalP/) showed that FluE does not contain a signal peptide region in the N-terminal region. The elucidated amino acid sequence was compared to protein sequences in the Swissprot and EMBL databases. Results show that the FluE enzyme is similar to other known esterases and lipases, such as arylesterase from Sulfolobus solfataricus (36.5% similarity) (Park, Yoon and Lee 2008) , carboxylesterase NlhH from Mycobacterium tuberculosis ATCC 25 618 (35.8% similarity) (Canaan et al. 2004) , lipase 2 from Moraxella sp. TA144 (30.3% similarity) (Feller, Thiry and Gerday 1991) , arylacetamide deacetylase from Homo sapiens (30.2% similarity) (Ross and Crow 2007) and arylacetamide deacetylase from Oryctolagus cuniculus (29.1% similarity) (Ozols 1998) . FluE exhibited the highest similarity to arylesterase from S. solfataricus; however, the homology is only 36.5%, and thus FluE could be identified as a novel esterase. Multiple sequence alignment of FluE with other esterases/lipases demonstrated that FluE contained the conserved catalytic triad residues Asp-254, His-280 and the catalytic nucleophile Ser-156 in the consensus pentapeptide GDSAG. The hormone-sensitive lipase family is a conserved HGGG motif (amino acids 81 to 84) which is involved in hydrogen bonding interactions for stabilization of the oxyanion hole and plays a role in catalysis (Canaan et al. 2004; Park, Yoon and Lee 2008) . Amino acid sequence comparisons identified this motif upstream of the conserved active-site (Fig. 3) , thereby indicating that FluE could be identified as a new member of the HSL family. Bacterial esterases/lipases are classified into eight different families according to their amino acid sequences and biochemical properties. In order to understand the relationship among FluE and the other bacterial esterases/lipases, a phylogenetic tree was constructed using the neighbor-joining method. The phylogenetic tree shows that FluE is most closely related to the proteins within the HSL family (family IV). According to its amino acid sequence alignment and phylogenetic analysis, FluE is classified to HSL family (family IV) (Fig. 4) .
Characterization of purified FluE
FluE was expressed and purified by Ni-NTA affinity chromatography. SDS-PAGE electrophoresis of the purified FluE revealed a single band of ∼38 kDa (Fig. S3, Supporting Information) . To determinate the direct degradation potential of FluE, two holes were stamped into the sodium phosphate buffer-amended agarose plates containing 100 mg L −1 fluoroglycofen. Purified FluE (200 μL) was added to one hole, while boiled FluE (200 μL) was added to the other, as a control. After incubation for 1 h, a transparent halo was produced around the hole inoculated with the purified FluE esterase, which supports the direct and rapid degradation ability of FluE (Fig. 5) . The degradation efficiency of FluE was also tested by HPLC analysis, using fluoroglycofen as the substrate. The hydrolysis rate of fluoroglycofen was 100% for 30 min. The first metabolite of fluoroglycofen hydrolysis by FluE was confirmed as deethylfluoroglycofen, which was subsequently degraded by FluE to acifluorfen (Fig. S4, Supporting Information) ; thus, the fluoroglycofen transformation pathway by FluE has been proposed here (Supplementary Data Fig. S5 ).
To determine the catalytic efficiency of FluE, p-nitrophenol esters of different carbon chain lengths were used as substrates. Results show that FluE has a high catalytic efficiency with respect to the short-chain p-nitrophenol esters; however, as the length of the carbon chain increases, the catalytic efficiency decreases ( Table 1 ). The best substrate for FluE in the p-nitrophenyl esters examined (C2 to C12) was p-nitrophenyl acetate (C2). Furthermore, lipolytic activity was not found in esters containing acyl chains longer than 10 carbon atoms, thereby indicating that FluE is an esterase and not a lipase.
DISCUSSION
To date, several reports have been published that describe fluoroglycofen biodegradation by Mycobacterium phocaicum MBWY-1 (Chen, Cai and Wang 2011) , Pseudomonas sp. YF1 (Qiu et al. 2009) and Staphylococcus saprophyticus YSC-1 (Chen and Wang 2011) . In this study, a novel KS-1 strain with high fluoroglycofen degradation efficiency is reported as belonging to the Lysinibacillus genus.
Lysinibacillus are ubiquitous and numerous in the environment, and they possess the ability to catabolize different toxic compounds and xenobiotics. Lysinibacillus sphaericus has been published to degrade malathion, DCM, caprolactam and p-nitrophenol (Kadiyala and Spain 1998; Baxi and Shah 2001; Wu et al. 2009; Singh, Kaur and Singh 2012) . In our study, the Lysinibacillus sp. KS-1 strain was able to metabolize fluoroglycofen. Furthermore, Lysinibacillus could survive under harsh conditions, which makes KS-1 an ideal material for bioremediation of fluoroglycofen-contaminated soil or water.
Esterases and lipases are widely distributed in microorganisms, such as Pseudomonas sp. (Kim et al. 2003) , Acinetobacter sp. (Suzuki et al. 2002) and Bacillus sp. (Glieder et al. 2002) . Moreover, many pesticide-degrading esterases have been reported, including pyrethroid-degrading esterases purified from Klebsiella sp. ZD112, Aspergillus niger ZD11 and Bacillus cereus SM3 (Malone, Maule and Smith 1993; Liang et al. 2005; Wu et al. 2006) . They have played an important role in the degradation of different kinds of pesticides containing ester bonds. However, to date very few reports are available describing the purification of an esterase capable of degrading fluoroglycofen. We isolated a gene (fluE) encoding an esterase from DNA library of the KS-1 strain constructed by the shot-gun method. The deduced amino acid sequence shares the highest 36.5% identity with that of arylesterase from Sulfolobus solfataricus, and the nucleotide and amino acid sequences of the FluE are novel. Moreover, the functional enzyme involved in fluoroglycofen-degrading pathway is first described here. Esterases in bacteria have been divided into eight families according to their amino acid sequences and biochemical properties. FluE contained the conserved catalytic triad residues Asp-254 and His-280 and the catalytic nucleophile Ser-156 in the consensus pentapeptide GDSAG. According to its amino acid sequence alignment and phylogenetic analysis, FluE is classified to HSL family (family IV) (Fig. 4) . 
